Enterococcusfaecalis ATCC 11700 is able to use arginine and the diamine agmatine as a sole energy source. Via the highly homologous deiminase pathways, arginine and agmatine are converted into C02, NH3, and the end products ornithine and putrescine, respectively. In the arginine deiminase pathway, uptake of arginine and excretion of ornithine are mediated by an arginine-ornithine antiport system. The translocation of agmatine was studied in whole cells grown in the presence of arginine, agmatine, or glucose. Rapid uncoupler-insensitive uptake of agmatine was observed only in agmatine-grown cells. A high intracellular putrescine pool was maintained by these cells, and this pool was rapidly released by external putrescine or agmatine but not by arginine or ornithine. Kinetic analysis revealed competitive inhibition for uptake between putrescine and agmatine. Agmatine uptake by membrane vesicles was observed only when the membrane vesicles were preloaded with putrescine. Uptake of agmatine was driven by the outwardly directed putrescine concentration gradient, which is continuously sustained by the metabolic process. Uptake of agmatine and extrusion of putrescine by agmatine-grown cells of E. faecalis appeared to be catalyzed by an agmatine-putrescine antiporter. This transport system functionally resembled the previously described arginine-ornithine antiport, which was exclusively induced when the cells were grown in the presence of arginine.
In addition to the fermentation of carbohydrates, Enterococcus faecalis (previously referred to as Streptococcus faecalis [17] ) is able to use arginine and the decarboxylated derivative thereof, agmatine, as an energy source for growth (2, 3, 16, 18, 19, 23) . Arginine and agmatine are metabolized via the arginine deiminase (ADI) and agmatine deiminase (AgDI) pathway, respectively. Both metabolic routes are very similar and include the sequential action of three enzymes (2) . Arginine and agmatine are deiminated by ADI (EC 3.5.3.6) and AgDI (EC 3.5.3.12), respectively. These reactions yield NH3 and the ureido compound citrulline or carbamoylputrescine. Phosphorolysis of citrulline by a catabolic ornithine carbamoyltransferase (EC 2.1.3.3) results in the formation of carbamoylphosphate and ornithine. In the AgDI pathway, a catabolic putrescine carbamoyltransferase (EC 2.1.3.6) catalyzes the phosphorolysis of carbamoylputrescine into carbamoylphosphate and putrescine (1,4- diaminobutane). The energy-rich phosphate bond of carbamoylphosphate is transferred to ADP, yielding ATP, C02, and NH3, a reaction catalyzed by a carbamate kinase (EC 2.7.2.2). Two carbamate kinases are present in E. faecalis, one in the ADI pathway and the other found only in cells grown on agmatine (18) . The enzymes of the ADI pathway are coinduced by arginine and repressed by glucose, fumarate, or aerobic growth conditions (19) . On the other hand, the enzymes of the AgDI pathway are coinduced by growth on agmatine and repressed by glucose and arginine (18) .
Only the guanidine groups of arginine and agmatine are used for carbamoylphosphate synthesis, and ornithine and putrescine are excreted into the growth medium (18, 19) . The energy gain of these metabolic routes is low, i.e., 1 mol of ATP produced per mol of arginine or agmatine. Therefore, the energy requirement for uptake of these compounds is also expected to be low. Recently, the mechanism of arginine uptake and ornithine excretion has been elucidated by studies with membrane vesicles derived from the homofer-* Corresponding author. mentative lactic acid bacterium Lactococcus lactis subsp. lactis ML3 (previously referred to as Streptococcus lactis [17] ) (4) . This organism also metabolizes arginine via the ADI pathway (1, 2) . It was found that the uptake of arginine and the excretion of ornithine excretion are catalyzed by the arginine-ornithine antiporter (4, 15, 22) . The driving force for arginine uptake in growing cells is supplied by the inwardly directed arginine concentration gradient and the outwardly directed ornithine concentration gradient, which are both maintained during arginine metabolism. Uptake of arginine thus does not require any additional metabolic energy source. This arginine-ornithine antiporter was also found in E. faecalis DS5 (15) . The similarity between arginine and agmatine metabolism suggests that a similar mechanism would be operational for the uptake and excretion of agmatine and putrescine.
In this paper we demonstrate that in analogy to the arginine-ornithine antiporter, uptake of agmatine and excretion of putrescine in E. faecalis ATCC 11700 are coupled via a single transport system which catalyzes heterologous exchange between these diamines. Some characteristics of the agmatine-putrescine antiporter are described and compared with those of the arginine-ornithine antiporter.
MATERIALS AND METHODS
Organisms and growth conditions. E. faecalis ATCC 11700 was kindly provided by V. Stalon (Universite Libre de Bruxelles, Brussels, Belgium). The old name of this organism is Streptococcusfaecalis (17) . The organism was grown anaerobically at 37°C on an exhausted complex medium as described by Simon et al. (19) 
RESULTS
Arginine and agmatine deiminase pathway activities. The ADI pathway activity can conveniently be determined by following the liberation of ammonia from arginine in a weakly buffered medium with a pH electrode (15) . Washed cells of E. faecalis ATCC 11700 grown on an exhausted complex broth medium supplemented with arginine as the sole energy source displayed a high ADI pathway activity (Table 1) , while cells grown on agmatine as the sole energy source showed virtually no ADI pathway activity. In contrast to the arginine-grown cells, rapid alkalization of the medium was observed when agmatine-grown cells were supplied with agmatine, indicating that the AgDI pathway is inducible (Table 1) . Both the ADI and AgDI pathway activities were absent when cells were grown in the presence of glucose. On the other hand, cells grown on equimolar amounts of both arginine and agmatine displayed both activities (data not shown). These results demonstrate that the presence of arginine or agmatine in the growth medium results in selective induction of the ADI or AgDI pathway activity, respectively. Arginine and agmatine probably have to enter the cells to induce them. To investigate whether a proton motive force (PMF) plays a role in these uptake processes and thus is required for induction of the ADI and AgDI pathway, the activities of both pathways were recorded under conditions of high PMF and under conditions in which PMF was absent ( Table 1) . Dissipation of the PMF by the addition of the ionophores valinomycin and nigericin stimulated ADI and AgDI pathway activities by 33 and 45%, respectively, indicating that a PMF is not required for these activities. Similar phenomena have been observed for arginine metabolism by arginine-grown cells of L. lactis ML3 (15) .
Basic amino acids and diamine content of cells. The ornithine, citrulline, putrescine, and carbamoylputrescine contents were determined in washed cells of E. faecalis grown with arginine or agmatine as the sole energy source. Small VOL. 170, 1988 " Arginine-and agmatine-grown cells were suspended in 50 mM potassium phosphate (pH 7.0) supplemented with 50 mM NaCI and 5 mM MgSO4 to a final protein concentration of 0.11 mg/ml. Arginine or agmatine was added to a final concentration of 1 mM, and the suspension was incubated for 3 min at room temperature. Cells were separated from the medium by silicon oil centrifugation, and amino acids and amines were determined by chromatography after dansylation as described in Materials and Methods. ' Calculated by using an estimated dansylation efficiency of carbamoylputrescine.
-, Not determined.
amounts of citrulline were found in arginine-grown cells and of carbamoylputrescine in agmatine-grown cells (Table 2) . On the other hand, the content of ornithine in arginine-and of putrescine in agmatine-grown cells was high. The putrescine content most likely does not represent the free putrescine concentration in the cell, since this basic compound easily forms complexes with intracellular components (20, 21) .
Under steady-state conditions of arginine metabolism by arginine-grown cells, the highest citrulline and lowest ornithine content were found. These changes in the intracellular pools were not observed when the cells were supplied with agmatine instead of arginine (Table 2) . Similar experiments conducted with agmatine-grown cells indicated that the presence of agmatine resulted in a decrease in the amount of extractable putrescine and an increase in the carbamoylputrescine content (Table 2) . When the cells were supplied with arginine, the putrescine pool remained unaltered. These results demonstrate that cells of E. faecalis grown on arginine or agmatine maintain high intracellular pools of the end products of the deiminase pathways. The cells, however, seem to be primed for uptake of arginine and agmatine, and uptake is accompanied by a rapid decrease in the intracellular concentration of ornithine and putrescine.
Arginine transport in E. faecalis DS5 was found to be catalyzed by an arginine-ornithine antiporter (15) . The results presented above suggest that a similar system is present in E. fiecalis ATCC 11700 and are indicative of an agmatineputrescine exchange system as the molecular mechanism of agmatine transport.
Uptake of agmatine and arginine. The uptake of arginine and agmatine was studied more directly by the use of radiolabeled compounds. Since ["4C]agmatine is not commercially available, radiolabeled agmatine was enzymatically synthesized from ["4C]arginine by using an arginine decarboxylase from E. coli (for experimental details, see Materials and Methods). Arginine-ornithine antiport activity was tested in cells grown in the presence of arginine, agmatine, or glucose as the energy source. Cells were loaded with ornithine and subsequently diluted into a buffer containing ["4C]arginine. Rapid uptake of arginine was only observed with cells grown on arginine (Fig. 1A) . The ionophores nigericin plus valinomycin, which together dissipate the PMF (data not shown). Cells of E. faecalis were also examined for the presence of an agmatine-putrescine antiporter. In this case cells were loaded with putrescine and subsequently diluted into a buffer containing [14Cjagmatine.
Agmatine was rapidly accumulated by agmatine-grown cells (Fig. 1B) . Virtually no agmatine uptake was detectable in putrescine-loaded cells grown on glucose or arginine. A similar picture emerged when the uptake of [14C]putrescine was assayed (data not shown). As with arginine uptake, uptake of agmatine (and putrescine) was not affected by the ionophores nigericin plus valinomycin (data not shown). Arginine-and agmatine-grown cells which were not preloaded with ornithine or putrescine also displayed rapid uptake of arginine and agmatine, respectively. This is in accordance with the observation that freshly harvested cells possessed abundant deiminase pathway activities (Table 1) and maintained high pools of ornithine or putrescine ( matine, or putrescine. Rapid release of [3H]ornithine from arginine-grown cells was observed only when cells were diluted into a buffer containing either unlabeled arginine or ornithine ( Fig. 2A) . Agmatine and putrescine were without any effect. On the other hand, only putrescine and agmatine were able to elicit [14C]putrescine efflux from agmatinegrown cells. In this case, arginine and ornithine were ineffective. It should be noted that putrescine was only partially released by these cells, suggesting that part of the intracellular putrescine is not present in a free form. Dilution of [3H] ornithine-and ['4C]putrescine-loaded cells into a buffer without any of these amino acids or diamines resulted in slow release of both ornithine and putrescine (Fig. 2) . These results directly demonstrate that uptake of arginine and agmatine is accompanied by the excretion of ornithine and putrescine, respectively. The transport system induced in cells grown on agmatine only catalyzes agmatine-putrescine and homologous putrescine exchange. This transport system thus has a substrate specificity which is completely different from that of the arginine-omithine antiporter.
Kinetic analysis of homologous putrescine exchange. The initial rate of putrescine uptake by agmatine-grown cells loaded with 200 pLM putrescine was determined for extracellular putrescine concentrations ranging from 4 to 145 ,uM. The initial rate was determined from the amount of label accumulated within 3 s. Putrescine uptake displayed saturation kinetics (Fig. 3) , and analysis of the kinetic data by an (Fig. 4) of these data revealed biphasic inhibition kinetics with inhibitor constants (Kis) for agmatine of 7 chM (inset, Fig. 4 ) and 58 c lM (Fig. 4) . Agmatine-putrescine exchange in membrane vesicles. In order to obtain conclusive evidence for an agmatine-putrescine antiporter, agmatine transport was studied in membrane vesicles of E. faecalis. Inside-out membrane vesicles of agmatine-grown cells were prepared by French press treatment. Membrane vesicles were loaded with 200 p.M putrescine and diluted 50-fold into a buffer containing [14C] agmatine. Rapid uptake of agmatine was observed under those conditions (Fig. 5) . Low levels of agmatine uptake were found when membrane vesicles that were not loaded with putrescine were used (Fig. 5) .
DISCUSSION
In this paper we demonstrate that the uptake of the diamine agmatine by cells of E. faecalis proceeds via exchange with intracellular putrescine. Exchange transport systems are commonly found in mitochondria (10) but rarely in bacteria (4, 9, 12) . Just like the arginine-ornithine antiporter reported previously (4) , the agmatine-putrescine antiporter clearly shows the important role of exchange transport systems in the degradation of guanidine compounds when the metabolic energy yield is low.
Recently, we have shown that an arginine-ornithine antiporter is involved in the uptake and excretion of arginine and ornithine in lactococci, streptococci, and enterococci (4, 15. 22) . These bacteria are able to ferment arginine via the ADI pathway and lack an ornithine decarboxylase (2) . Ornithine accumulates in the medium. The energy gain of the ADI pathway is low, i.e., 1 mol of ATP produced per mol of arginine consumed. A one-to-one exchange between the metabolite and the end product via an antiport system therefore appeared an attractive possibility. The AgDI pathway is highly analogous to the ADI pathway and also yields 1 mol of ATP per mol of agmatine consumed (2, 18) . Both pathways are present in E. faecalis and induced when the cells are grown in the presence of these guanidine compounds (3, 16, 18, 19; this paper (5, 7, 20) . In this bacterium, uptake of di-and polyamines, in particular of putrescine and spermidine, occurs via completely different systems which are driven by the PMF (7). Glycolyzing cells of E. faecalis maintain a PMF of about -120 mV, inside negative and alkaline (8) . Agmatine and putrescine are both positively charged, and although agmatine uptake may be enhanced by the electrical potential across the membrane (Ivj), this Aq( will also oppose the extrusion of putrescine.
Coupling of agmatine uptake to putrescine extrusion via the PMF is therefore unlikely, and an antiporter for agmatine uptake and putrescine excretion in E. faecalis, as demonstrated in this paper, is a more logical mechanism. Exchange also occurs in the absence of a PMF, which suggests that the antiporter mediates stoichiometric exchange between these diamines. Via this antiport mechanism, uptake of the metabolite agmatine is driven by the outwardly directed concentration gradient of the end product putrescine. Since uptake of agmatine does not occur at the expense of the PMF, cells are able to save the ATP formed during agmatine metabolism for other metabolic-energy-requiring processes.
Attempts . 2B ). This phenomenon most likely arises from binding of this basic compound to nucleic acids, ribosomes, or other cellular components (21) . Although bound putrescine exchanges slowly with ['4C] putrescine, complete extraction of the intracellular content of putrescine could not be achieved. In this respect, in whole cells of E. coli intracellular putrescine is only slowly exchangeable with exogenous putrescine, whereas accumulated putrescine is not released when uncouplers are added. This is a result of binding of putrescine to cytoplasmic components, since these phenomena were not observed with membrane vesicles of E. coli (7) . In membrane vesicles, accumulated putrescine is freely exchangeable with exogenous putrescine and rapidly released by uncouplers. Exchange of agmatine and putrescine is an electroneutral process. The steady-state AgDI pathway activity is to some extent stimulated by ionophores which dissipate the PMF (Table 1 ). This effect has not been studied further. Fine control of the AgDI pathway activity might occur via the intracellular concentrations of (adenine) nucleotides, just as was found in the ADI pathway (15) .
The results presented in this paper demonstrate that the arginine-ornithine and agmatine-putrescine antiporters are induced under distinct growth conditions. Both transport systems differ in their substrate specificity. The first system catalyzes the exchange of monovalent positively charged amino acids, which includes homoarginine and lysine (R.
van Leeuwen and A. J. M. Driessen, unpublished results), whereas the latter mediates the exchange of divalent positively charged diamines. It is yet not known whether homoagmatine and cadaverine are also transported. Inhibition of homologous putrescine exchange by agmatine displayed biphasic behavior. A possible explanation could be that there are two systems for agmatine uptake, of which one system has a very low affinity for putrescine. Alternatively, binding of putrescine to cellular components might give rise to a second apparent low-affinity binding site.
The results demonstrate that in E. faecalis the ADI and AgDI pathways are also similar with respect to the transport mechanism. Uptake of these metabolites results from an energy-independent electroneutral exchange process in which the concentration gradients of the metabolite and the metabolic end product supply the driving force for uptake.
